Pathogens can be an important selective agent in plant evolution because they can severely reduce plant fitness and growth. However, the role of pathogen selection on plant evolution depends on the extent of genetic variation for resistance traits and their covariance with host fitness. Although it is usually assumed that resistance traits will covary with plant fitness, this assumption has not been tested rigorously in plant-pathogen interactions. Many plant species are tolerant to herbivores, decoupling the relationship between resistance and fitness. Tolerance to pathogens can reduce selection for resistance and alter the effect of pathogens on plant evolution. In this study, we measured three components of Arabidopsis thaliana resistance (pathogen growth, disease symptoms, and host fitness) to the bacteria Pseudomonas syringae and investigated their covariation to determine the relative importance of resistance and tolerance. We observed extensive quantitative variation in the severity of disease symptoms, the bacterial population size, and the effect of infection on host fitness among 19 accessions of A. thaliana infected with P. syringae. The severity of disease symptoms was strongly and positively correlated with bacterial population size. Although the average fitness of infected plants was smaller than noninfected plants, we found no correlation between the bacterial growth or symptoms expressed by different accessions of A. thaliana and their relative fitness after infection. These results indicate that the accessions studied vary in tolerance to P. syringae, reducing the strength of selection on resistance traits, and that symptoms and bacterial growth are not good predictors of host fitness.
I
n nature, plants are constantly challenged by disease-causing pathogens including viruses, bacteria, and fungi. Pathogen infection can severely reduce survivorship and reproduction of native plants, and in crops pathogen infection results in an estimated 12% loss of yield annually in the U.S. (1) . Because pathogens are ubiquitous and strongly affect host plant fitness, pathogens are thought to be an important selective agent that shapes plant evolution. Previous studies suggest that pathogenmediated selection affects a wide range of host plant traits including morphology, life history, mating system, and even community-level diversity (2, 3) .
Pathogens can be a selective force on plant evolution only if three specific criteria are met (4) . First, pathogen infection must affect host fitness; second, heritable variation in resistance traits must occur among individuals; and third, the heritable resistance trait must covary with the fitness of the plant host. The agriculture literature provides many examples of both yield reduction by pathogens, and heritable genetic variation for resistance among crop varieties (5) (6) (7) . Evidence from natural populations is less extensive, but variation in resistance among populations has been documented (8) (9) (10) , as well as fitness reduction due to pathogen infection (11, 12) . However, the extent to which genetic traits that affect disease resistance covary with host fitness has not been established. Although, covariation between fitness and disease resistance seems obvious, it is possible that plants develop tolerance to pathogen infection, which decouples any association between disease resistance traits and host fitness. As a consequence, the effect of pathogen selection will be reduced when tolerance occurs.
The first challenge in studying the covariation between resistance and fitness is to accurately define and measure disease resistance. Resistance traits are broadly defined as host traits that reduce the extent of pathogen infection (4, 13) . Thus, resistance traits are those that reduce host contact with pathogens, and those that reduce pathogen growth rate once infection has occurred. Empirically, resistance is measured in several different ways. Resistance in crop varieties is usually evaluated by their relative yield with and without pathogen infection (14) (15) (16) . In contrast, genetic variation for disease resistance in natural populations is usually estimated by quantitative variation in visual symptoms (9, 12, 17, 18) . These different estimates of plant resistance are equivalent if disease symptoms are a direct consequence of pathogen growth, and if fitness loss to pathogens is directly correlated with disease symptoms. However, the assumption that the amount of disease symptoms expressed are directly correlated with pathogen growth has not been specifically tested in plants [although previous studies that measured the two traits in A. thaliana suggest there is a correlation (e.g., ref. 19) ]. Furthermore, studies on the interaction between plants and herbivores suggest that reduction in fitness does not necessarily correlate with the plant's ability to avoid herbivore damage (11, 20, 21) . These studies show that plants vary not only in their resistance to herbivores, but also in their ability to tolerate the damage-i.e., plants that sustain higher infections or disease damage may not necessarily suffer a high reduction in fitness. Similarly, it is possible that resistance and tolerance to pathogens are controlled by different and uncorrelated traits. Some traits in plants may confer resistance by preventing host contact with pathogens or by reducing pathogen growth. The same or completely different host traits may increase host tolerance by diminishing the effect of infection on fitness. In plants where resistance and tolerance exists, yield comparisons between varieties will confound genetic variance for resistance and tolerance.
Tolerance to pathogen infection, defined as the host's ability to reduce the effect of infection on plant fitness (13) , can have significant consequences to host and pathogen evolution. Disease resistance in the host population places strong selection on pathogens to evolve new genotypes that can avoid plant defenses. Thus, models of plant-pathogen interactions generate frequencydependent selection that favor complex coevolutionary dynamics and maintain genetic polymorphism in both host and pathogen populations (22) . In contrast, theoretical models show that if there are no costs to tolerance traits, tolerance should quickly fix in host plant populations, thereby reducing the selection for resistance alleles (23, 24) . When plants are tolerant to pathogen infection, traits that confer resistance are not expected to covary with plant fitness. As a consequence, resistance traits in plants would respond weakly if at all to selection by pathogens. These theoretical models suggest that the extent of variation present for different components of the complex trait of plant resistance, as well as the correlation among components, can alter the evolutionary dynamics of both plant and pathogen. To understand the evolution of plant responses to pathogen infection, the relative importance of resistance and tolerance needs to be investigated empirically. Thus, from an applied perspective, it is important to understand the complex relationships among pathogen growth, plant resistance, and tolerance because not all genes that confer biochemical resistance (in terms of reducing symptoms) will necessarily increase yield (fitness).
In the past decade Arabidopsis thaliana has been developed as a model organism for the study of the mechanism of disease resistance in plants (25) . However, fitness consequences of natural variation in disease resistance have not been previously investigated. Here, we investigated heritable variation in resistance to the bacteria Pseudomonas syringae among a worldwide collection of accessions of A. thaliana. In this study, we measured three components of host resistance (pathogen growth, disease symptoms, and host fitness) and determined their covariation to determine the relative importance of resistance and tolerance.
Materials and Methods
Genetic variation in the components of disease resistance was studied in 19 accessions of A. thaliana, described in Table 1 . We chose 17 accessions that encompass the geographical range of the species and that include the extremes of A. thaliana genetic diversity based on data from microsatellite and AFLP markers (26, 27) . We also included the accessions Col-0 and Ler-0 because they are the accessions commonly used in studies of disease resistance in A. thaliana. Initial seed stocks were obtained from the Arabidopsis Information Management System (www.arabidopis.org). Each accession was grown and selfed for one generation before this study.
Plants were grown under uniform conditions and inoculated with the bacteria P. syringae pv. Tomato, strain Pst DC3000 to determine the response to pathogen infection. The bacterial strain Pst DC3000 was chosen because it is a wild-type strain capable of infecting all A. thaliana accessions previously tested (28) . Twenty seeds of each accession were planted into four 3-inch pots and vernalized at 4°C for 3 days in the dark. Plants were then grown in a growth chamber under constant temperature (25°C) and humidity (70%) and 8-h photoperiod. After 32 days (before any plant began flowering), two pots of each accession were inoculated by dipping them in a bacterial solution containing 10 mM MgCl 2 , 0.02% L-77 Silwet, and 10 7 bacterial cells per ml (29) . The other two pots were mock-inoculated by dipping in the above solution without bacterial cells. Plants from the mock-inoculated pots were used as controls.
Five days after inoculation (when symptom expression is at its peak for all accessions) each plant was visually inspected for disease symptoms. Symptoms were scored on a standard scale from 1 (no signs of disease symptoms) to 5 (extensive chlorosis and water-soaked lesions) on inoculated plants. Mockinoculated plants never presented any symptoms. Bacterial growth was estimated by the number of bacterial cells present per cm 2 of leaf tissue. Six disks of 0.25 cm 2 area of leaf tissue were collected with a cork borer for each ecotype 5 days after inoculation. Leaf disks were collected randomly in relation to lesions present. The disks were ground in 10 mM MgCl 2 solution and plated on NYG agar plates (with 1 mg͞ml rifampicin) after appropriate dilutions were made. The number of colony-forming units (CFUs) per plate was counted 24 h later. Three replicate measurements were made for each accession. In each replicate, disks were collected from three different plants of the same accession.
After plants were scored for disease symptoms and leaf disks were collected, day length was gradually increased to 16 h to induce flowering. Plants were kept in the growth chamber until senescence when total fruit production was recorded. Because A. thaliana is an annual plant, the effect of pathogen infection over the lifetime fitness can be estimated by total seed production on senescence. Time to senescence varied among ecotypes, from as early as 1 month to a maximum of 4 months after inoculation. To estimate seed production, three fruits (siliques) from each plant were collected and the number of seeds in each counted. Although there was no statistically significant difference between the number of seeds per fruit produced by different plants of the same accession within treatment, different accessions produced a significantly different number of seeds per fruit. Thus, plant fitness was estimated by multiplying the number of fruits produced per plant by the average number of seeds per fruit for that accession.
To test for natural variation in disease-resistance-related traits among A. thaliana accessions, we used an ANOVA to determine whether accession significantly affects the severity of disease symptoms, the size of bacterial populations in leaves, and seed production after inoculation. Although the use of multiple plants per pot is standard in studies of resistance in A. thaliana, we observed a significant pot effect for all variables. Thus, we present the results from an ANOVA where the effects of pot nested within accession is part of the model, and the main effects are tested with the mean squares for pot nested within accession as the error term. The broad sense heritability (H 2 ) for these three traits was estimated by determining the proportion of the variance explained by the ecotypes from the pot-corrected ANOVA over total variance (30) . The effect of P. syringae infection on A. thaliana fitness was determined by comparing the seed production in inoculated and mock-inoculated plants with a hierarchical ANOVA [model: fitness ϭ accession ϩ infection status ϩ (accession ϫ infection) ϩ pot (accession ϫ infection)]. Accession was considered a fixed effect because they were specifically chosen to represent the extremes of the genetic variation present in A. thaliana, they do not represent a random sample of accessions. Infection status was considered fixed and pot was considered a random effect. The correlation between bacterial population size and disease symptoms was determined using Pearson's correlation between the average values of the trait for each accession. To determine the covariance between fitness and symptom severity for each plant we performed a regression analysis. To determine the role of tolerance in the interaction between A. thaliana and P. syringae, we investigated whether the difference in fitness between inoculated and noninoculated plants could be explained by the degree to which the plants become infected (symptoms or bacterial population size). Thus, we performed a regression analysis on the residuals of seed production after the effect of accessions was removed. Using the residuals is necessary to control for differences in seed production among ecotypes when they are not infected.
Results
Continuous variation among the accessions of A. thaliana was observed for all three resistance-related traits: the severity of disease symptoms (Fig. 1A) , the size of the leaf bacterial population (Fig. 1B) , and the fitness of infected plants (Fig. 2) . Furthermore, no clear boundaries were detected within the phenotypic distribution that allow classification of accessions as ''resistant'' or ''susceptible.'' The accession with the fewest disease symptoms was Sf-2 (average score 1.0 Ϯ 0.1), whereas the accession exhibiting the greatest disease symptoms was Po-0 (average score 3.9 Ϯ 0.4; Fig. 1 ). Col-0, which is most widely used for studies of disease resistance in A. thaliana had the second highest average disease score (3.6 Ϯ 0.3). The ANOVA indicated that the 19 accessions differed significantly in the amount of disease symptoms expressed under infection (F 18,19 ϭ 3.39; P ϭ 0.006). Variation among accessions explained approximately 44% of the total variance and yields a broad sense heritability estimate of 0.436.
The size of the leaf bacterial population likewise varied among accessions. The accession with the least number of bacteria growing within leaves was Bur-0 (average log number of bacteria 3.78 Ϯ 0.97). Sf-2, which exhibited the fewest disease symptoms, also supported a small bacterial population size (4.40 Ϯ 0.15). The accession with the largest bacterial population, Po-0 (7.77 Ϯ 0.05), also had the highest average score for disease symptoms. Col-0 had the fourth largest average bacterial population size (7.11 Ϯ 0.24). The ANOVA indicated significant differences in the size of the bacterial population present in the leaves of the different accessions (F 18,37 ϭ 13.43; P ϭ 3.8 ϫ 10
Ϫ11
). Broad sense heritability was estimated to be 0.806.
Although bacterial populations were detected in all accessions, some of the accessions showed no disease symptoms at all. It is possible that the expression of symptoms is under threshold control, requiring a minimum number of bacteria within a leaf before symptoms are apparent. Overall, symptom severity and bacterial density are strongly correlated among accessions (Fig.  3A) . Thus, both disease symptoms and bacterial growth are equivalent indicators of host resistance. To determine the effect of infection on plant fitness, we assessed total seed production for control and infected plants of each accession. The mock-inoculated plants showed significant variation among accessions in total seed production (F 18,19 ϭ 2.54; P ϭ 0.025), indicating genetic differences for seed production among accessions. Among mock-inoculated plants, accession Rsch-4 had the highest seed production (on average 15,259 seeds per plant), whereas Zu-1 had the lowest seed production (on average 1,829 seeds per plant). Accessions also differed significantly for seed production when inoculated with P. syringae (F 18,19 ϭ 4.03; P ϭ 0.002). Seed production for inoculated plants varied from an average of 977 seeds per plant in Bur-0 to 13,469 seeds per plant in Ct-1 (Fig. 2) . Broad sense heritability for seed production under infection was estimated to be 0.292.
The effect of P. syringae infection on A. thaliana fitness was tested with a hierarchical ANOVA to determine the effect of accession, infection status (inoculated vs. control), and the interaction between accession and infection on total seed production. We found that inoculated plants produced on average significantly fewer seeds than control plants (F 1,38 ϭ 9.52; P ϭ 0.004). This effect is mediated through both a reduction in the number of seeds per fruit and a reduction in the number of fruits produced per plant (data not shown). We also observed a significant effect of accession on seed production (F 18,38 ϭ 9.64; P ϭ 3.4 ϫ 10 Ϫ9 ), indicating that accessions differ on their average seed set independent of whether they are infected. Furthermore, the two-way ANOVA revealed a significant interaction between accession and infection (F 18,38 ϭ 2.66; P ϭ 0.006), indicating that the effect of infection on seed production varies among accessions (Fig. 2) . That is, the reduction in plant fitness caused by infection is not uniform and varies among accessions. This interaction effect can be explained by two different mechanisms. The different fitness response to infection may be simply a consequence of the fact that the accessions harbor bacterial populations of different size because they vary in resistance traits. However, the significant interaction could also have resulted from accessions varying in tolerance-i.e., some plants have higher fitness despite higher degrees of infection because they are more tolerant. If the first hypothesis is correct, we should expect that accessions that have small bacterial populations, like Sf-2, should have a smaller reduction in fitness than accessions that had large bacterial populations and extensive symptoms, like Col-0. However, this is not the case. We found that infection reduced seed production in Col-0 by 16%, whereas in Sf-2 infection reduced seed production by 57%. Among all accessions the correlation between reduction in seed production and bacterial growth (R 2 ϭ 0.22; P ϭ 0.37). These results indicate that although infection overall reduces plant fitness, the degree to which a plant becomes infected is not correlated with the amount of fitness lost. Furthermore, these results suggest that the effect of infection on seed production is mediated by different genetic factors than the ones that determine bacterial growth and disease symptoms.
To better understand the relationship between fitness loss and resistance, we calculated the correlation between symptom severity and the fitness residuals after the effect of ecotype on fitness was removed. If all accessions are equally tolerant, and fitness is a direct consequence of how infected a plant becomes, we expect a negative correlation between infection and fitness. In contrast, we found a slightly negative but nonsignificant correlation between the two variables (Fig. 3B) . These results indicate that resistance traits in A. thaliana are not good predictors of fitness, and that tolerance traits are playing an important role in mediating plant fitness under infection.
Discussion
Despite the fact that A. thaliana has been the focus of extensive research on the molecular basis of disease resistance, very little is known about the natural quantitative variation in disease resistance and the relationship between biochemical resistance and fitness in this system. Most studies have concentrated on a few accessions and relied on mutagenic-induced variation (refs. 29 and 31, but see ref. 32). Our investigation of natural variation uncovered a remarkable amount of heritable genetic variation among accessions. The variance expressed has a clear quantitative basis, with no clear boundaries between a ''resistant'' and a ''susceptible'' group of ecotypes. The extent of variation observed is particularly remarkable because no avirulence genes for A. thaliana have yet been identified in the bacterial strain used (DC3000). Thus, either there are R-genes for DC3000 still unidentified among the ecotypes studied, or the observed variance is mediated by genes other than the classical R-genes (of the gene-for-gene type). These results indicate that understanding the genetic basis of natural variation in disease resistance may require a broader search of traits related to disease resistance than just characterization of R-genes. Although recent efforts have broaden the search for resistance genes that are part of the Fig. 3 . Correlation between the three disease resistance-related traits. A shows the correlation between the average number of bacteria growing per cm2 of leaf tissue and symptom severity within each accession. B shows the correlation between symptom severity and fitness under infection for each plant (fitness residuals after difference in seed production due to accession is removed). transduction pathway of R-genes (19, 33, 34) , it may be worthwhile to also look for genes directly related to tolerance and to use quantitative genetics approach to investigate genes that underlie natural quantitative variation.
It is commonly assumed that pathogen effect on host fitness is a direct result of pathogen growth in host tissues. Consequently, many empirical studies estimate plant resistance by using a single trait related to disease resistance. The rationale for using a single trait as a surrogate variable to describe disease resistance is based on two assumptions: visual symptoms are a direct consequence of the amount of pathogen present in the host tissue, and pathogen growth͞density is directly correlated with the plant biochemical ability to recognize the presence of pathogens and trigger defense. However, there is still limited understanding of the genetic and biochemical pathways connecting pathogen access to host, the expression of symptoms and infection effect on fitness. Moreover, it is not clear whether symptom expression and fitness reduction are part of the same pathway (32, 35) . The effect of the pathogen on host evolution depends on whether pathogen infection affects host fitness, but the direction in which hosts will respond to pathogen selection depends on which heritable traits covary with host fitness.
The interaction between A. thaliana and P. syringae is an ideal system to investigate the relationship between pathogen growth, symptoms, and fitness effects because the three variables can be estimated independently. In our study we found extensive heritable quantitative variation among 19 accession of A. thaliana for the three resistance-related traits, indicating that all three traits can respond to pathogen selection. We observed a significant correlation between the size of the bacterial population present in host leaves and the average severity of observed symptoms within each accession. This result supports the idea that disease symptoms are a direct consequence of pathogen growth in host tissues.
Although we observed a significant effect of infection on plant fitness, indicating that pathogens can exert selection on A.
thaliana, the effect of infection on fitness varied among accessions. The relative reduction in fitness among the different accessions due to bacterial infection cannot be explained by the intensity of infection (measured as bacterial growth or symptoms), indicating that accessions vary for traits that mediate the effect of disease on fitness-i.e., tolerance traits. Moreover, these results suggest that estimates of pathogen population size and symptoms are not good estimators of pathogen effect on A. thaliana fitness. Because tolerance seems to play an important role in A. thaliana response to P. syringae, and resistance traits do not covary with fitness, we expect that in response to pathogen selection, A. thaliana will respond mainly through tolerance traits.
The role of tolerance (i.e., host's ability to reduce the effect of infection on plant fitness) in plant-pathogen interactions appears to have been mostly overlooked (but see refs. 11 and 12), despite the extensive literature documenting tolerance in plantherbivore interactions (20) . Our study is the first evidence for tolerance in a plant-bacterial interaction and more studies are needed to determine how common and important tolerance is for plant-pathogen interactions. Understanding the role of tolerance is particularly important because theoretical models have shown that tolerance significantly affects plant-pathogen coevolution (23, 24) . Furthermore, the existence of significant variation in tolerance can alter the manner in which we search for the genetic basis of traits that can increase yield in crop varieties. Currently most efforts have been directed at understanding the molecular basis of resistance (genes that prevent pathogen establishment or growth; refs. [36] [37] [38] . Our study suggests that understanding the traits and genes that increase plant tolerance may provide an alternative strategy for reducing crop loss to pathogens.
